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Abstract

 

To examine the influence of the putative satiety factor
(GLP-1) on the hypothalamo-pituitary-gonadal axis, we used
GT

 

1

 

-7 cells as a model of neuronal luteinizing hormone–
releasing hormone (LHRH) release. GLP-1 caused a con-
centration-dependent increase in LHRH release from GT

 

1

 

-7
cells. Specific, saturable GLP-1 binding sites were demon-
strated on these cells. The binding of [

 

125

 

I]GLP-1 was time-
dependent and consistent with a single binding site (

 

K

 

d

 

 

 

5

 

0.07

 

6

 

0.016 nM; binding capacity 

 

5 

 

160

 

6

 

11 fmol/mg
protein). The specific GLP-1 receptor agonists, exendin-3
and exendin-4, also showed high affinity (

 

K

 

i

 

 

 

5 

 

0.3

 

6

 

0.05
and 0.32

 

6

 

0.06 nM, respectively) as did the antagonist exen-
din-(9–39) (

 

K

 

i

 

 

 

5 

 

0.98

 

6

 

0.24 nM). At concentrations that in-
creased LHRH release, GLP-1 (0.5–10 nM) also caused an
increase in intracellular cAMP in GT

 

1

 

-7 cells (10 nM GLP-1:
7.66

 

6

 

0.4 vs. control: 0.23

 

6

 

0.02 nmol/mg protein;

 

 P 

 

, 

 

0.001).
Intracerebroventricular injection of GLP-1 at a single con-
centration (10 

 

m

 

g) produced a prompt increase in the
plasma luteinizing hormone concentration in male rats
(GLP-1: 1.09

 

6

 

0.11

 

 vs.

 

 saline: 0.69

 

6

 

0.06 ng/ml;

 

 P 

 

, 

 

0.005).
GLP-1 levels in the hypothalami of 48-h–fasted male rats
showed a decrease, indicating a possible association of the
satiety factor with the low luteinizing hormone levels in ani-
mals with a negative energy balance. (

 

J. Clin. Invest.

 

 1998.
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Introduction

 

Glucagon-like peptide-1(7–36) amide (GLP-1)

 

1

 

 is processed
from proglucagon in intestinal L cells (1), and is a member of

the structurally related glucagon/secretin family of peptides.
Furthering its well-documented roles in the periphery, more
recent studies indicate a role for GLP-1 as a brain neuropep-
tide. The processing of proglucagon in the central nervous sys-
tem (CNS; references 2–4) resembles that in the intestine (5),
with GLP-1 as a major biologically active product. Immunocy-
tochemical studies have demonstrated the presence of GLP-1
immunoreactive cell bodies in the nucleus of the solitary tract
and the medullary reticular nucleus in the rat brain (6). The
peptide has also been identified in nerve fibers in medial hypo-
thalamic structures including the hypothalamic paraventricular
nucleus and the periventricular strata (4, 6, 7). The presence of
GLP-1 in the synaptosome fraction of the hypothalamus, its
calcium-dependent release from hypothalamic tissue slices by
potassium stimulation (4), and the existence of specific recep-
tors for GLP-1 in the CNS (8) support a putative neurotrans-
mitter or neuromodulatory role for this peptide.

The GLP-1 receptor belongs to a distinct subclass of the
G-protein–coupled receptor family that includes receptors for
glucagon, secretin, vasoactive intestinal peptide, growth hor-
mone–releasing hormone, parathyroid hormone, and calcito-
nin (for review see reference 9). Specific CNS GLP-1 receptors
have been demonstrated in this laboratory and elsewhere, in
hypothalamic and thalamic nuclei, in the brain stem, and in the
pituitary gland (7, 10–12). Moreover, after elucidating the
GLP-1 receptor nucleotide sequence (13), in situ hybridization
studies demonstrated sites of GLP-1 receptor synthesis in both
neurons and glia of the hypothalamus, thalamus, hippocam-
pus, primary olfactory cortex, choroid plexus, and pituitary
gland (14). More detailed studies of the distribution of GLP-1
receptor mRNA in the hypothalamus revealed dense accumu-
lation of labeled cells in the supraoptic, paraventricular, and
arcuate nuclei. Additional labeled cells were also detected in
medial and lateral preoptic areas, the periventricular nucleus,
the ventral division of the bed of stria terminalis, the lateral
hypothalamus, and the dorsomedial nucleus (15). 

GLP-1 immunoreactivity is widely distributed and colocal-
ized with specific GLP-1 binding sites in regions of the CNS as-
sociated with the control of various endocrine and behavioral
responses (16), evidence that supports a role for GLP-1 as a
modulator of neuroendocrine and/or autonomic outflow. We
and others have demonstrated that GLP-1 inhibits food (10,
17, 18) and water (18) intake when given intracerebroventricu-
larly to rats. In addition, we have identified a potential role for
GLP-1 in the regulation of thyrotropin release, which appears
to involve direct actions of the peptide on the anterior pitu-
itary gland (19). Taking into consideration these findings, in
particular its role as a known satiety factor in the CNS (10, 17,
18), it is possible that GLP-1, like several other hypothalamic
neuropeptides (20, 21), acts as a metabolic signal to the repro-
ductive system. In the present study we have primarily used
the luteinizing hormone–releasing hormone (LHRH)–secret-
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ing hypothalamic cell line GT

 

1

 

-7 to examine the direct effects
and mechanism of action of GLP-1 on LHRH release. We also
examined the effect of intracerebroventricular injection of
GLP-1 on LH release in vivo in male rats. To investigate a pos-
sible role for changes of hypothalamic GLP-1 content in the
reduction of LH release observed in negative energy balance,
we determined the effect of a 48-h fast and refeeding on hypo-
thalamic GLP-1 content. 

 

Methods

 

Materials.

 

GLP-1 and the exendin peptides were synthesized using
an automated peptide synthesizer (model 396 MPS; Advanced
Chemtech Inc., Louisville, KY) and checked for correct molecular
weight by mass spectroscopy. Na

 

125

 

I was supplied by Amersham In-
ternational (Little Chalfont, United Kingdom). All tissue culture ma-
terials were supplied by Life Technologies (Paisley, United King-
dom), and all other reagents by Merck (Poole, United Kingdom) or
Sigma Chemical Co. (Poole, United Kingdom).

 

GT

 

1

 

-7 cell culture and membrane preparations.

 

The immortal-
ized hypothalamic LHRH-producing neurone subclone GT

 

1

 

-7 cells,
which are derived from transgenic mice expressing a hybrid gene
composed of the 5

 

9

 

 flanking region of the rat 

 

LHRH

 

 gene linked to
cDNA encoding the SV40 T antigen (22), were grown in 175-ml plas-
tic culture flasks. They were maintained at 37

 

8

 

C in 6% CO

 

2

 

 in DME
with 4.5 g/liter glucose, 10% FBS, penicillin (100 IU/ml), and strepto-
mycin (100 

 

m

 

g/ml). Culture medium GLP-1 levels were measured by
RIA (23) and were found to be below the detection limit of the assay
(0.5 fmol/tube with 95% confidence). To prepare membranes, cells
(10–12 confluent flasks) were recovered by scraping cells into 20 ml
homogenization buffer (50 mM Hepes, pH 7.4, containing 0.25 M su-
crose, 10 

 

m

 

g/ml soybean trypsin inhibitor, 0.5 

 

m

 

g/ml pepstatin, leu-
peptin and antipain, 0.1 mg/ml

 

 

 

benzamidine, 0.1 mg/ml bacitracin and
30 

 

m

 

g/ml aprotinin). Subsequent homogenization (6 

 

3 

 

30 s) using an
UltraTurrax homogenizer (Merck) resulted in cell breakdown, which
was verified by microscopic examination. The homogenate was cen-
trifuged at 1,000 

 

g

 

 for 10 min at 4

 

8

 

C

 

,

 

 and the resulting supernatant
was collected and centrifuged at 100,000 

 

g

 

 for 1 h at 4

 

8

 

C. The pellet
was resuspended in 

 

z 

 

5 ml of homogenization buffer without sucrose
using a hand-held glass Teflon homogenizer (Merck). Protein con-
centration was measured by the Biuret method (24), and aliquoted
membranes (3 mg/ml) were stored at 

 

2

 

80

 

8

 

C.

 

Secretion experiments.

 

GT

 

1

 

-7 cells were plated on poly-

 

L

 

-lysine–
coated 24-well plates. After growing for 2–3 d, cells were washed
twice in DME with 4.5 g/liter glucose, penicillin (100 IU/ml), strepto-
mycin (100 

 

m

 

g/ml), and 0.1% BSA. The cells were then preincubated
for 2 h in serum-free medium. Thereafter, the medium was discarded,
and the cells were incubated in 500 

 

m

 

l of medium plus the appropriate
test substance (GLP-1, 0.01–100 nM or 56 mM KCl) for 60 min. At
the end of the incubation period, medium was removed and frozen at

 

2

 

20

 

8

 

C. Culture medium LHRH levels were measured using RIA (re-
agents and methods provided by Dr. H.M. Fraser, Medical Research
Council Reproductive Biology Unit, Edinburgh, Scotland). Protein
levels from each well were calculated using the Bio-Rad protein assay
(25), and LHRH release was expressed per milligram of protein.

 

GLP-1–binding studies.

 

GLP-1–binding studies were essentially
carried out as previously described (19). In brief, GLP-1 was labeled
with Na

 

125

 

I by the chloramine-T method, and the monoiodinated
peptide was purified by high-performance liquid chromatography as
described previously (19). The specific activity of the label, deter-
mined by RIA (23), was 50

 

6

 

4.2 becquerels (Bq)/fmol (

 

n

 

 5 

 

6). GT

 

1

 

-7
cell membranes (50 

 

m

 

g) were incubated with [

 

125

 

I]GLP-1 (750 Bq, 30
pM) for 90 min at 20

 

8

 

C in a final assay volume of 0.5 ml. Specific
binding was calculated as the difference between the amount of
[

 

125

 

I]GLP-1 bound in the absence (total) and presence (nonspecific)
of 200 nM unlabeled peptide. Dissociation was measured at 20

 

8

 

C and

37

 

8

 

C after adding 1 

 

m

 

M (final concentration) of unlabeled GLP-1
and 500 

 

m

 

M guanosine 5

 

9

 

-triphosphate (GTP) to membranes, and
[

 

125

 

I]GLP-1 (30 pM) in equilibrium after a 90-min incubation. Equi-
librium saturation experiments were performed using 25 

 

m

 

g of mem-
brane protein and label from 40–1,600 pM (500–20,000 Bq/assay) in
an assay volume of 0.25 ml. In equilibrium competition experiments,
the concentration of unlabeled peptide was from 0 to 200 nM. Bind-
ing data were analyzed by nonlinear regression using the Receptor
Fit programme (Lundon Software, Cleveland, OH) to calculate the
dissociation constant (

 

K

 

d

 

), the absolute inhibition constant (

 

K

 

 i

 

), and
the concentration of binding sites (B

 

max

 

). The integrity of the label af-
ter binding was determined by 10% trichloroacetic acid precipitation.
Degradation of the label was always 

 

, 

 

10% regardless of the time of
incubation (data not shown).

 

Determination of cAMP generation.

 

GT

 

1

 

-7 cells were plated onto
poly-

 

L

 

-lysine–coated 24-well plates, as described above. After grow-
ing for 2–3 d, cells were again washed twice in serum-free DME and
preincubated for 2 h. Thereafter, the medium was discarded, and the
cells were incubated for 10 min in DME containing 2 mM 3-isobutyl-
1-methyl-xanthine alone, or with GLP-1 (0.01 nM-10 nM), forskolin
(10 

 

m

 

M, 100 

 

m

 

M), or GLP-1 (1 nM) plus exendin-(9–39) (1–100 nM).
The cells were washed once with 500 

 

m

 

l of PBS and extracted in 500

 

m

 

l of 75% ethanol containing 16 mM HCl, at 

 

2

 

20

 

8

 

C overnight. Sam-
ples were dried by rotary evaporation, and cAMP concentrations
were assessed using a cAMP radioimmunoassay kit (Du Pont, Steven-
age, United Kingdom). Protein levels were calculated from represen-
tative wells on the plates using the Bio-Rad protein assay (25), and
cAMP levels were expressed per milligram of protein.

 

Cytoplasmic Ca

 

2

 

1

 

 measurements.

 

Cytoplasmic calcium was mea-
sured in GT

 

1

 

-7 cell suspensions. GT

 

1

 

-7 cells were cultured to 80–90%
confluence in plastic 175-ml flasks as described above. Cells were
then loaded with fura-2 at 37

 

8

 

C by incubation in 5 

 

m

 

M fura-2-AM
(Novabiochem, Nottingham, United Kingdom) for 30 min. The fura-
2-AM containing extracellular medium was subsequently removed,
and the cells were scraped into 20 ml of assay buffer (10 mM Hepes,
pH 7.2, containing 140 mM NaCl, 2.8 mM KCl, 2 mM MgCl

 

2

 

, 3 mM
CaCl

 

2

 

, and 6 mM glucose). Spectrofluorometric analysis of Ca

 

2

 

1

 

 was
conducted at 22

 

8

 

C as described previously (27) using a Shimadzu
RF5001PC (Shimadzu Experimental Supplies, Kyoto, Japan), and
analysis of the ratio between fluorescence was measured at 340 and
380 nm. GLP-1 (up to 5 

 

m

 

M) was compared with K

 

1

 

 (20 mM) and his-
tamine (100 

 

m

 

M) as positive controls.

 

Investigation of the effect of fasting on rat hypothalamic GLP-1
content.

 

Adult male Wistar rats (200–220 g) were maintained in
groups of five animals per cage under controlled temperature (21–
23

 

8

 

C) and light (11 h of light, 13 h of darkness) with ad libitum access
to chow and water. At the beginning of the study the animals were di-
vided into three groups (

 

n

 

 

 

5 

 

15). Group 1 animals were fasted for 48 h,
group 2 animals were fasted for 48 h and then refed for 12 h in the
dark (feeding) phase, and group 3 animals acted as control with ad li-
bitum access to chow. All animals had ad libitum access to water. The
rats were killed by decapitation, followed by immediate microdissec-
tion of whole hypothalami, which were frozen in liquid nitrogen. The
tissue removed was bordered rostrally by the anterior edge of the op-
tic chiasma, laterally by the hypothalamic fissures, and caudally by
the mamillary bodies. The ventral border of the dorsal extent of the
cut was at a depth of no more than 2 mm. Tissue extraction was car-
ried out as previously described (4). In brief, each hypothalamus was
placed into 500 

 

m

 

l of 0.5 M acetic acid at 100

 

8

 

C for 10 min. The ex-
tract was stored at 

 

2

 

20

 

8

 

C. GLP-1 levels were measured by RIA (23).
Protein concentration in the extract was calculated using the Bio-Rad
protein assay (25), and GLP-1 content was expressed as fmol per mg
of extracted protein.

 

In vivo LH studies.

 

Adult male Wistar rats (200–220 g) were
maintained as above. Rats were anaesthetized, and stainless steel
guide cannulae were implanted into the third cerebral ventricle as
previously described (10, 28). After a 7-d recovery period, rats failing
to exhibit a drinking response to intracerebroventricular injection of
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angiotensin II (150 ng in 10 

 

m

 

l) were excluded (

 

, 

 

10%). Animals dis-
playing a positive drinking response were sham-injected before the
study, and weighed and handled daily.

GLP-1 was dissolved in 0.9% saline and administered intracere-
broventricularly as previously described (28). Each study involved an
injection of 10 

 

m

 

l of GLP-1 (10 

 

m

 

g) or saline. After intracerebroven-
tricular injection, rats were returned to their cages and decapitated
after 5 min. Trunk blood was collected in plastic lithium heparin
tubes containing 0.6 mg aprotinin. Plasma was separated by centrifu-
gation, frozen immediately on dry ice, and stored at 

 

2

 

20

 

8

 

C. Plasma
LH was measured using the reagents and methods provided by the
NIDDK and the National Hormone and Pituitary Program (Dr. A.
Parlow, Harbor-University of California-Los Angeles Medical Cen-
ter, Los Angeles, CA). A double antibody separation system was em-
ployed, which used a goat anti–rabbit solid-phase antibody (Kabi AB,
Stockholm, Sweden) and 0.1% Triton-X 100. Results were calculated
in terms of NIDDK standard preparation (NIDDK rat LH-RP-3).

 

Static incubation of whole hypothalami.

 

The static incubation sys-
tem used was a modification of the method previously described (29).
Adult male Wistar rats (200–220 g) were maintained in groups of five
animals per cage as above. On the day of the study, the rats were
killed by stunning and decapitation, followed by immediate microdis-
section of whole hypothalami as described above. The tissue blocks
(

 

, 

 

35 mg wet wt each) were transferred to individual tubes contain-
ing 1 ml artificial cerebrospinal fluid (aCSF; 20 mM NaHCO

 

3

 

, 126 mM
NaCl, 0.09 mM Na

 

2

 

HPO4, 6 mM KCl, 1.4 mM Ca2Cl, 0.09 mM
MgSO4, 1 mM glucose, 0.18 mg/ml ascorbic acid, and 100 mg/ml apro-
tinin). The tubes were placed on a shaking platform in a water bath
(maintained at 378C in 95% O2, 5% CO2) and preincubated for 60
min. The hypothalami were then incubated for 30 min in 0.5 ml fresh
aCSF (basal release) before being challenged with 1 mM GLP-1 in 0.5 ml
fresh aCSF for 60 min. Finally, the viability of the tissue was verified
by a 30-min exposure to 56 mM KCl. Isotonicity was maintained by
substituting Na1 for K1. LHRH concentrations were measured by
RIA as above and expressed per milligram wet weight tissue per h.

Statistics. Results are shown as mean values6SE. For the GT1-7
cell cAMP, LHRH, and hypothalamic GLP-1 content assays, data
were compared by repeated measures ANOVA with subsequent post
hoc Tukey’s tests (Systat, Evanston, IL) between control and experi-
mental groups, with P , 0.05 considered to be statistically significant.
For the LH and whole hypothalami LHRH assays, data were com-
pared by unpaired and paired Student’s t test, respectively, with P ,
0.05 considered to be statistically significant. For binding data, analy-
sis of one-site vs. two-site competition curves was by F-test, with two
component fits considered significant at P , 0.05.

Results

Effect of GLP-1 on LHRH release in GT1-7 cells. The effect
of GLP-1 on LHRH release from GT1-7 cells in static culture
was examined (Fig. 1). Exposure of the cells to GLP-1 for 60
min resulted in dose-dependent stimulation of LHRH release
with a significant effect of dose vs. response [F(7,65) 5 93.68;
P , 0.0001]. At concentrations of 0.5, 1.0, and 10 nM, GLP-1
produced pronounced LHRH responses that were signifi-
cantly increased when compared with basal levels. Basal re-
lease was 325617 fmol/mg protein, and GLP-1 (10 nM) in-
creased this to a maximum of 242% of basal (787645 fmol/mg
protein; P , 0.0001, n 5 4). Control cells were exposed to 56 mM
KCl; K1 stimulated LHRH release to 1467665 fmol/mg pro-
tein (P , 0.0001, n 5 4). The EC50 for GLP-1–stimulated
LHRH release from GT1-7 cells was calculated to be 0.28 nM.

Characterization of [125I]GLP-1 binding in GT1-7 cell
membranes. [125I]GLP-1 (30 pM)-specific binding to 50 mg cell
membranes for 90 min at 208C represented 87.761.0% (n 5
10) of the total radioactivity bound. Specific binding was time-

(Fig. 2) and temperature- (data not shown) dependent. The as-
sociation and dissociation time courses are shown in Fig. 2.
Tracer-specific binding can be seen to reach steady-state by
z 90 min. Very slight dissociation was observed upon addition
of 1 mM unlabeled GLP-1 to membranes in equilibrium with
the label (data not shown). However, on addition of both 1 mM
unlabeled peptide and 500 mM GTP, dissociation was z 50%
and 65% complete after 200 min at 208C and 378C, respec-
tively, suggesting involvement of guanine nucleotides and
G-protein linkage of the receptor. Dissociation was more pro-

Figure 1. GLP-1 stimulation of basal LHRH secretion from GT1-7 
cells. Culture medium LHRH levels were measured by RIA after 60 
min of incubation in the presence of GLP-1 (0.01–10 nM) or 56 mM 
KCl. Results are the mean6SE of four experiments performed in 
quadruplicate and expressed as fmoles of LHRH secreted per milli-
gram of protein per h. [F(7,65) 5 93.68, P , 0.0001]. (*P , 0.0001 vs. 
control).

Figure 2. Kinetics of [125I]GLP-1 binding in GT1-7 cells. Association 
(j, 208C) and dissociation (d, 500 mM GTP at 208C; m, 500 mM GTP 
at 378C) of [125I]GLP-1 (30 pM) in GT1-7 cell membranes (50 mg). All 
points are the mean6SE of triplicate assays in three separate experi-
ments. Dissociation of [125I]GLP-1 in equilibrium was initiated at 90 
min by adding unlabeled GLP-1 to a final concentration of 1 mM and 
500 mM GTP at 208C and 378C. Bound and free were separated by 
rapid filtration under reduced pressure. Where no error bars are 
shown, they did not exceed the limits of the symbols.
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nounced at 378C than 208C, and appeared to be represented by
two components, with a more rapid initial component. Specific
[125I]GLP-1 binding at 208C was proportional to membrane
protein up to 200 mg (data not shown). Consequently, for equi-
librium competition binding studies, 50 mg membrane protein
were incubated with 30pM [125I]GLP-1 plus unlabeled GLP-1
for 90 min at 208C.

Fig. 3 shows equilibrium saturation analysis that was car-
ried out to establish saturation of binding and to determine the
affinity and density of the sites. Analysis of the data indicated
a single class of binding site with an estimated Kd of
0.0760.016 nM (n 5 3) and a Bmax of 160611 fmol/mg protein.
Fig. 4 shows the results from equilibrium competition binding
studies that were designed to determine the affinity and speci-
ficity of the binding of various GLP-1 receptor ligands to GT1-7
cell membranes. Competition curves were constructed using
GLP-1, the exendin peptide agonists exendin-3 and exendin-4,
and the truncated peptide antagonist exendin-(9–39). Tracer-
specific binding was inhibited in a concentration-dependent
manner by all four unlabeled peptides. The rank order of po-
tency was as follows: GLP-1 (Kd 5 0.360.08 nM; n 5 3) 5 ex-

Figure 3. Equilibrium saturation analysis of [125I]GLP-1 binding. The 
effect of increasing concentrations of [125I]GLP-1 on specific binding 
in GT1-7 cell membranes (25 mg) was determined. Results are ex-
pressed as the mean specific binding6SE of triplicate assays in three 
separate experiments. A Rosenthal plot is shown in inset, where B is 
bound ligand and F is free ligand. This figure is intended as a pictorial 
representation of the above data. Actual Bmax values were calculated 
by nonlinear regression.

Figure 4. Equilibrium competition analysis of [125I]GLP-1 binding. Competition of [125I]GLP-1 (30 pM) binding in GT1-7 cell membranes (50 mg) 
by GLP-1, exendin-3, exendin-(9–39) and exendin-4 was determined. Values are expressed as percentage of maximal specific binding, and are 
the mean of three separate experiments6SE with assays performed in triplicate. Where no error bars are shown, they did not exceed the limits of 
the symbols.
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endin-3 (Ki 5 0.360.05 nM; n 5 3) exendin-4 (Ki 5 0.3260.06
nM; n 5 3) . exendin-(9–39) (Ki 5 0.9860.24 nM; n 5 3).

The structurally related peptides—glucagon, pituitary ade-
nylate cyclase–activating polypeptide, and vasoactive intesti-
nal peptide—and the unrelated peptides—neuropeptide Y and
calcitonin gene-related peptide—in concentrations up to 1 mM
were unable to inhibit [125I]GLP-1 binding, thereby establish-
ing the specificity of binding (data not shown).

Effect of GLP-1 on cAMP production and intracellular
Ca21 levels in GT1-7 cells. Fig. 5 shows the effect of GLP-1 on
intracellular cAMP levels. These studies were performed to
determine whether the GLP-1 binding site on the GT1-7 cell
membranes was functionally coupled to the adenylyl cyclase
system. Basal production of cAMP in the unstimulated cells
was 0.2360.02 nmol/mg protein (n 5 4). GLP-1 stimulated
cAMP production in a concentration-dependent manner with
a significant effect of dose vs. response [F(8,63) 5 129.35; P ,
0.0001]. Exposure to 0.5, 1.0, and 10 nM GLP-1 produced sig-
nificant increases in cAMP in comparison to basal levels. The
greatest cAMP formation obtained (with 10 nM of the pep-
tide) was 7.7660.4 nmol/mg protein, i.e., 3276% above the
basal level (P , 0.0001, n 5 4). Control cells were exposed to
10 and 100 mM forskolin, a known direct activator of adenylyl
cyclase that stimulated cAMP production to 2.9960.4 and
8.3360.5 nmol/mg protein, respectively (P , 0.0001, n 5 4).
Fig. 6 shows the expected exendin-(9–39) blockade of this re-
sponse. The specific antagonist inhibited GLP-1–stimulated
cAMP production in a concentration-dependent manner with
a significant effect of dose vs. response [F(3,54) 5 65.155; P ,
0.0001]. 33% and 87% reductions of GLP-1–stimulated cAMP
production were achieved with 10 nM and 100 nM exendin-
(9–39), respectively (P , 0.0001, n 5 4). GLP-1 at concentra-
tions up to 5 mM had no effect on intracellular Ca21 in GT1-7
cell suspensions in conditions where clear changes were ob-
served in the presence of K1 (20 mM) or histamine (100 mM;
results not shown).

Effect of GLP-1 on LHRH release from whole hypothal-
ami. Fig. 7 shows the results of an in vitro study performed to
determine whether GLP-1 could stimulate LHRH release
from intact male rat hypothalamic tissue. One supraphysiolog-
ical dose of GLP-1 (1 mM) was administered to the hypothal-
ami, and a significant increase in LHRH release was observed
when compared with the basal value. Basal production was
0.360.07 fmol/mg wet wt/h, and GLP-1 increased this to 220%
of basal (0.6660.12 fmol/mg wet wt/h; P , 0.04; n 5 12). A K1

(56 mM) challenge significantly increased LHRH release from
the hypothalami to 0.9560.2 fmol/mg wet wt/h (P , 0.03; n 5

Figure 5. Effect of GLP-1 on cAMP production in GT1-7 cells. 
cAMP levels were determined after a 10-min incubation in medium 
containing 2 mM IBMX alone or together with GLP-1 (0.01–10 nM) 
or forskolin (10 mM, 100 mM). Results are the mean6SE of four ex-
periments performed in quadruplicate and expressed as pmol cAMP 
per milligram of protein. [F(8,63) 5 129.25; P , 0.0001]. (*P , 0.0001 
vs. control).

Figure 6. Exendin-(9–39) blockade of GLP-1 stimulated cAMP pro-
duction in GT1-7 cells. cAMP levels were determined after a 10-min 
incubation in medium containing 2 mM IBMX plus 1 nM GLP-1 
alone or together with increasing concentrations of exendin-(9–39). 
Results are the mean6SE of four experiments performed in quadru-
plicate and expressed as a percentage of GLP-1 induced cAMP stim-
ulation. Inhibition is concentration-dependent [F(3,54) 5 65.16, P , 

0.0001]. [*P , 0.0001 exendin-(9–39) vs. GLP-1 (1 nM)].

Figure 7. GLP-1 stimulation of basal LHRH release from isolated 
male rat hypothalami. LHRH levels were measured after a 60-min 
static incubation with GLP-1 (1 mM), and the viability of the tissue 
was verified by exposure to 56 mM KCl. (*P , 0.05 GLP-1 vs. con-
trol; **P , 0.04 KCl vs. control; n 5 12).
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12), suggesting that the tissue was able to respond to depolar-
ization, and was therefore still viable.

Effect of intracerebroventricular injection of GLP-1 on LH
release. The effect of intracerebroventricular injection of
GLP-1 on the plasma LH of male rats in pilot studies (data not
shown) indicated that GLP-1–stimulated LH release peaked at
5 min. GLP-1 (10 mg, 3 nmol) produced a significant increase
in plasma LH levels 5 min after intracerebroventricular admin-
istration when compared with saline-injected controls (GLP-1:
1.0960.11 ng/ml vs. saline: 0.6960.06 ng/ml; P , 0.005). In ad-
dition, GLP-1 had no effect on plasma follicle-stimulating hor-
mone, thyrotropin, or prolactin levels at this time point (data
not shown).

Effect of fasting on GLP-1 content in the rat hypothalamus.
Fig. 8 shows the results of a study performed to measure
GLP-1 peptide content in male rat hypothalami in different
states of fasting. It was clear from the study that nutritional
balance appeared to affect hypothalamic GLP-1 levels
[F(2,42) 5 5.13; P , 0.01]. Hypothalamic GLP-1 levels in con-
trol rats that had ad libitum access to food were 230.4618.9
fmol/mg extracted protein. After 48 h of fasting there was a
significant decrease in GLP-1 content to 159.1615.6 fmol/mg
extracted protein (P , 0.01, n 5 15). 48-h fasting followed by a
12-h refeed resulted in GLP-1 levels of 186.5613.3 fmol/mg ex-
tracted protein. Although this group was not significantly dif-
ferent from either the control or the 48-h fasted group, there is
indication of a trend that hypothalamic GLP-1 levels are in-
creasing to normal upon refeeding.

Discussion

The GT1-7 cells exhibit many of the known physiological char-
acteristics of LHRH neurons in situ (30 and references
therein); they thus provide a valuable model in which to study
the mechanisms controlling release of the hypothalamic pep-
tide. We have shown that GLP-1 causes a concentration-depen-
dent increase in LHRH release from these cells (ED50 5 0.28
nM), and have also demonstrated the presence of specific

GLP-1 binding sites in membrane homogenates. The sites
meet the accepted criteria for a ligand–receptor interaction,
being time-, temperature-, and protein content–dependent
while displaying high affinity, saturability, and specificity. The
ligand specificity exhibited by this GLP-1 binding site shows
similarities with other GLP-1 receptors; i.e., the exendin
peptides (31–33) bind with high affinity, and there is little
cross-reactivity with other peptides belonging to the glucagon/
secretin family. Analysis of the binding data identified a single
high-affinity binding site (Kd 5 0.07 nM; Bmax 5 160 fmol/mg
protein) in the GT1-7 cell membranes, a result analogous with
that obtained for other GLP-1 binding sites (8, 34, 35).

To date, GLP-1 receptors in the brain and elsewhere have
been shown to mediate an increase in cAMP levels via G-pro-
tein–coupled activation of adenylyl cyclase (9). Our results
with the GT1-7 cells are consistent with these findings. The
threshold concentration of GLP-1 required to produce a sig-
nificant rise in cAMP formation was equal to the threshold
concentration required to significantly stimulate LHRH re-
lease from the cells, implying that receptor function is linked
with the actions of GLP-1 on cAMP accumulation. In addition,
the specific GLP-1 receptor antagonist, exendin-(9–39), inhib-
ited this effect of GLP-1 in a concentration-dependent manner
as previously shown in parietal (36) and a-TSH cells (19).

GLP-1 did not increase intracellular Ca21 in GT1-7 cells,
even at 5 mM. This result contrasts with the reports of in-
creased intracellular Ca21 and activation of phospholipase C in
COS-7 cells transfected with the cloned GLP-1 receptor. This
result is unexpected as the GT1-7 cell receptor appears to share
very similar properties with the cloned GLP-1 receptor (37–
39) in other respects such as binding of exendins, antagonistic
effects of exendin-(9–39), and activation of adenylyl cyclase.
Possible explanations may be that coupling to phospholipase C
is cell-specific, or that overexpression in COS-7 cells led to
coupling to G-proteins not normally associated with the GLP-1
receptor, although the high potency of the effect (EC50 5 2
nM) would argue against this idea. The lack of effect of GLP-1
on intracellular Ca21 does not exclude other mechanisms, and
we cannot prove categorically from this data that all effects of
GLP-1 in these cells are mediated by cAMP.

Evidence presented in this paper leads us to propose that
GLP-1 could be a factor involved in control of the hypotha-
lamic-pituitary-gonadal axis. First, our in vitro studies demon-
strate a clear ability of the peptide to stimulate release of
LHRH both from an immortalized LHRH-secreting cell line
(GT1-7; reference 22) and from freshly removed rat hypotha-
lamic tissue. We also show that the responses in the cell line
are mediated via a specific GLP-1 receptor. Second, we show
for the first time that GLP-1 stimulates release of LH in the
male rat when injected into the third ventricle. Third, our pre-
vious in vitro studies indicate that GLP-1 does not act at the pi-
tuitary level to elicit LH release directly (19). Fourth, GLP-1
immunoreactive nerve fibres have been identified throughout
the hypothalamus (4, 7, 40), including the rostral portion that
also contains LHRH neurons and axon terminals (41). More-
over, GLP-1 receptor mRNA has been localized in the arcuate
nucleus and medial preoptic area (14, 15); regions that are rich
in LHRH neurons (42). Also of interest in this respect are re-
cent observations demonstrating that female mice with a tar-
geted disruption of the GLP-1 receptor gene exhibit delayed
puberty (N.J. Maclusky, J. Kim, L. Scrocchi, and D. Drucker,
personal communication). Taken together, these findings sug-

Figure 8. Effect of a 48-h fast and subsequent 12-h refeeding on hy-
pothalamic GLP-1 content in male rats. Three groups of rats were 
fasted for 48 h, refed 12 h after a 48-h fast, or fed ad lib (control). Hy-
pothalamic GLP-1 content was measured by RIA and expressed as 
fmol per mg extracted protein. (*P , 0.01 vs. control; n 5 15).
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gest that GLP-1, like several other hypothalamic neuropep-
tides (43), plays a role as a neuromodulator of reproductive
function.

Fertility in mammals requires adequate nutrition and fuel
reserves (44). Energy restriction or high energy expenditure
results in a failure of the hypothalamo-pituitary-gonadal axis,
for example, in eating disorders (anorexia; reference 45), wast-
ing diseases (insulin-dependent diabetes mellitus; reference
46), and high-performance athletes (47). Even short-term
changes in food intake can disrupt reproduction in rats (48)
and humans (49). A rapid reduction in pituitary LH and go-
nadal steroid secretion is seen with rapid reinstatement if food
consumption is permitted (20). Experimental evidence sug-
gests that the disruption may be in part attributable to pertur-
bations in LHRH secretion (20). The effect of nutritional
status on reproduction is thought to reflect the action of meta-
bolic signals that serve as CNS indicators of metabolic state
(50). Neuropeptide Y and galanin, for example, are neuropep-
tides that have been shown to modulate both food intake and
the reproductive axis (20). Another potential messenger mole-
cule that may play a role in manifesting reproductive distur-
bances during periods of energy imbalance is leptin, a hor-
mone secreted from adipose tissue that has been shown to
serve as a measure of body adiposity (51). Ob/ob mice are defi-
cient in leptin, and show infertility that can be reversed by ad-
ministration of leptin (21, 51). Furthermore, a recent study
showed that leptin stimulated LHRH release from adult male
rat hypothalamic explants in vitro and released LH in female
rats in vivo (52).

Studies have defined a role for GLP-1 as a CNS satiety fac-
tor (10, 18, 53). It is possible that this peptide also acts as a
messenger molecule between the neural processes that regu-
late reproduction, and those that maintain energy homeostasis.
Perhaps after a short-term negative balance in energy, GLP-1,
which is released in the brain after food intake, aids reinstate-
ment of LH secretion. This hypothesis prompted us to investi-
gate GLP-1 levels in the hypothalamus in a state of starvation
or negative energy balance that would disrupt the reproduc-
tive axis. Indeed, we have shown here that after 48 h of fasting,
rat hypothalamic GLP-1 content is significantly reduced, and
upon refeeding a trend to return to normal levels was ob-
served. This finding supports a possible physiological role for
GLP-1 as a metabolic signal to the reproductive system. Hypo-
thalamic GLP-1 levels are significantly low in conditions that
would result in a rapid reduction in pituitary LH. Upon refeed-
ing, the levels of GLP-1 increase, perhaps aiding reinstatement
of LH secretion that has previously been observed (20). The
findings presented here imply that GLP-1 may stimulate LH
release, at least in part by activating of LHRH neurons. How-
ever, the mechanisms of action of this neuropeptide, either
alone or in combination with other systems, especially neu-
ropeptide Y and leptin, are at present not fully understood. It
would be of great interest to examine the effect of GLP-1 on
the more complex reproductive system of the female rat. 
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